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A B S T R A C T   
Large-scale implementation of forest-based biofuel production will have an impact on biomass prices, something 
which in turn will affect biofuel production costs. The profitability of emerging biofuel production technologies is 
usually assessed using techno-economic or market approaches. While techno-economic approaches have a 
detailed description of technologies within plant-level or supply chain system boundaries, they build on exog-
enously given static biomass prices. Conversely, market approaches have a consistent description of the eco-
nomic system including market interactions for prices within local or national boundaries, but they generally 
lack technological depth. This paper combines these two approaches using an iterative framework for a case 
study optimising the production cost of liquefied biomethane (LBG) using different configurations of sawmill- 
integrated biomass gasification. 
Cost estimates are developed using system boundaries surrounding a LBG production plant, and the Swedish 
national borders, reflecting the plant-owner and policymaker perspectives, respectively. The results show that 
different plant configurations are favoured depending on the choice between minimising the biofuel production 
cost for the plant-owner or for the policymaker. Market dynamics simulated by the iterative procedure show that 
a direct policy support of 36–56 EUR/MWh would be needed to sustain large-scale LBG production, which is 
12–31% higher than the necessary policy support estimated based on static biomass prices.   
1. Introduction 
Producing bio-synthetic natural gas (Bio-SNG) by gasification of 
forest residues is an economically viable option for manufacturing bio-
fuels with high efficiency [1]. The economic case is enhanced further if 
Bio-SNG production is feedstock and heat-integrated with a sawmill 
[2–4]. Bio-SNG can be liquefied to produce liquefied biomethane (LBG), 
which can directly replace liquefied natural gas (LNG) in transport and 
heavy industry in areas without a gas grid [2]. 
Investments in large-scale forest-based biofuel production have been 
rare, partly explained by uncertainties in future market prices, policy 
support, and technology costs [5–7]. These factors reduce investment 
likelihood as low-risk projects are preferred [8,9]. Of particular impor-
tance is biomass cost risk [1,8], which can constitute 10–28% of 
forest-based biofuel production cost [7]. 
Partial equilibrium modelling simulations have shown that large- 
scale implementation of biofuel production is likely to affect feedstock 
prices and resource allocation, e.g. [10,11]. In a Nordic context, biomass 
prices could increase with up to 35% [12]. With new biomass prices, 
industry profitability is likely to change. Modelling studies have shown 
that large-scale forest-based biofuel production is likely to result in 
decreased profitability in the pulp industry due to increased pulpwood 
prices, and increased profitability in the sawmill industry due to 
increased demand for their by-products [11,13]. The specific biomass 
assortment used as feedstock for biofuel production will influence which 
industries benefit or lose from the implementation of biofuel production 
[14]. 
To identify the performance of a biofuel supply chain, models that 
minimise the total system cost are often applied, see e.g. [15–17]. Un-
certain price developments are sometimes accounted for by price 
sensitivity analyses, scenarios with systematic assumptions regarding 
the surrounding system [18], or stochastic price processes to simulate 
future prices [19]. However, these approaches do not consider the price 
dynamics caused by the change under evaluation, e.g. impact on 
biomass prices from the introduction of large-scale forest-based biofuel 
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production. 
The strengths of a detailed technology representation in energy 
system models and the market representation and development in par-
tial or general equilibrium models have previously been combined by 
using soft-linking, see for example [20–23]. Due to these strengths, 
soft-linking has often been applied in climate change mitigation analysis 
[24]. A partial equilibrium model covering the Nordic forestry sector 
was hard-linked with an energy model covering the electricity and dis-
trict heating sector in the Nordic countries to analyse the effects on the 
heat and power sector from large-scale forest-based biofuel production. 
The results indicated that studies not accounting for the competition for 
biomass may over-estimate future bioenergy production levels [23]. 
To reach the desired production level of biofuel production, it is 
necessary to identify the required investments, and in turn, the policy 
support levels required. These policy support levels have to make the 
investments profitable for the plant-owner but also need to consider the 
additional indirect cost, such as increased cost for other biomass using 
industries, which is of importance for policymakers. 
This paper aims to identify the policy support levels required to 
facilitate large-scale investments in sawmill integrated production of 
LBG. The results will give an indication of the support needed to initiate 
investments in full-scale plants, considering current biomass market 
conditions. The paper also aims to estimate what levels of support that 
would be required when the biomass market has been affected by the 
large-scale implementation, which corresponds to the policy support 
necessary to maintain a large-scale biofuel production. Specifically, this 
work aims at answering the following questions:  
• What are the policy support levels necessary to (1) facilitate the 
initial investments in large-scale biofuel production plants, and (2) 
maintain high production levels in the long-term under changed 
biomass market conditions?  
• How is the economic performance of different biofuel production 
technologies affected by adopting either a plant-owner or a policy-
maker perspective? 
To achieve this, we utilise a framework that combines techno- 
economic modelling, supply chain cost optimisation and micro- 
economic partial equilibrium modelling through soft-linking. Sweden 
is used as the geographical scope, where the well-developed forest in-
dustry provides biomass competition and an ample selection of potential 
host sites. While the study encompasses the geographical boundaries of 
Sweden, the approach can be replicated for other geographical areas 
using similar models. 
2. Methodology 
We applied the interdisciplinary soft-linking framework presented 
by Zetterholm, Bryngemark, and Ahlström [25], which considers the 
biomass market impacts of introducing large-scale biofuel production. 
2.1. Techno-economic market evaluation framework 
The framework uses soft-linking of three sub-models that cover 
different aspects of the biofuel production system. The sub-models 
included are:  
1) The plant-level model: identifies the plant-level performance from a 
plant-owner perspective. It results in the biomass-to-biofuel yield(s) 
and biofuel production cost as observed by the plant-owner.  
2) The supply chain model: covers the specific location and plant data 
of host and competing industries and identifies the performance of 
the entire supply chain using the national borders as system 
boundaries, reflecting the system boundaries of a policymaker. It 
considers the location of biomass, host sites, and competing biomass 
users.  
3) The market model: covers the market price formations and industry 
biomass demand. It simulates the market dynamics given a specified 
demand for domestically produced biofuels resulting in new biomass 
market equilibrium prices and forest industries production 
quantities. 
Fig. 1 shows a schematic overview of how the different sub-models 
are linked and what data passes between the different models during 
the iterations. 
Iterations of the biomass market prices, forest industry production, 
and biomass usage between the market and supply chain continue until 
the biomass prices, and forest industry production levels converge. The 
output of the framework is the economic performance of a biofuel 
production technology considering the biomass price impacts from the 
large-scale implementation of the technology in the system. 
2.1.1. Plant-level model 
The plant-level model determines the site-specific technology 
configuration and techno-economic performance of the plant from the 
perspective of the plant-owner. The plant-level technology configura-
tions and the associated mass- and energy balances are based on pre-
vious work [2] where the configurations were determined using 
pinch-analysis [26,27] to heat integrate the biofuel production facility 
with the host sawmills, applying different heat integration targets for the 
sizing of the facility. 
The economic performance of the plant was determined using the 
annuity method to calculate the LBG production cost. Investment costs 
were taken from Ahlström et al. [2] and include the cost of purchased 
equipment, the direct costs, such as installation and buildings, and the 
indirect costs, such as start-up, contingency and working capital. 
Nomenclature 
BF Biofuel 
crf Capital recovery factor 
CHP Combined heat and power 
DH District heat 
DPC Direct production cost 
DSC Direct supply cost 
dtr,i Transport distance of commodity i 
Ei Input/output of commodity i 
I Investment cost 
i Commodity index 
j Facility index 
LBG Liquefied biomethane 
LNG Liquefied natural gas 
MILP Mixed integer linear programming 
O&M Operation and maintenance 
Pdep,tr,i Distance dependent transport cost of commodity i 
Pfix,tr,i Fixed transport cost of commodity i 
Pi Price of commodity i 
PLNG Price of liquefied natural gas 
PSCdirect Direct policy support cost 
PSCindirect Indirect policy support cost 
Ptr,i Transport cost of commodity i 
SNG Synthetic natural gas 
Syscost Total system cost 
TSSC Total system supply cost  
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Operation and maintenance costs were estimated from the heat and 
mass balances accounting for external heating and cooling needs. 
2.1.2. Supply chain model 
The supply chain model used was the geographically explicit supply 
chain model BeWhere Sweden. BeWhere Sweden is a mixed-integer 
linear programming (MILP) model written in GAMS using CPLEX as a 
solver, see [4,28] for a more detailed overview. The geographical scope 
of the model encompasses the national boundaries of Sweden and in-
cludes a large number of sites of importance for biomass supply and 
demand as well as site-specific data on energy and biomass use for 
competing industries and potential host industries. The model minimises 
the total system cost to satisfy a specified biofuel (LBG) demand 
considering the cost for energy carriers, transports, and investments. 
This is done by determining the location of production facilities and the 
flow of biomass in the entire system while simultaneously satisfying the 
biomass demand in other sectors (forest industry and stationary energy 
sector). 
As commonly done in these types of models, the biomass prices are 
assumed to be static. Accordingly, the biomass prices and production 
quantities in other industries are not affected by the adaptation of a 
specific biofuel production technology (including the scale at which this 
is implemented). However, the biomass prices have spatial differences 
depending on, for example, local harvesting costs, transport costs, see 
[4]. 
The techno-economic performance of the site-specific technology 
configurations output by the plant-level model was used as input in the 
supply chain model. The supply chain model output includes the biofuel 
supply cost, the lowest cost locations of biofuel plants and the compo-
sition of the biomass assortments used for biofuel production. The 
biomass usage per assortment was used as input to the market model to 
represent the biofuel production technology. 
2.1.3. Market model 
The changes in the biomass market from the large-scale introduction 
of biofuel production were simulated using the partial equilibrium 
model, the Swedish forest sector trade model (SFSTM II) [13,29,30]. 
SFSTM II consists of two sub-models: a trade cost model that calibrates 
prices and feedstock allocation to a reference year, and model that can 
be used to simulate prices and feedstock allocations under various sce-
narios, such as the introduction of new biofuel production, taxes etc. 
The market model simulates biomass feedstock prices and alloca-
tions in the forest biomass market in Sweden, including trade with the 
rest of the world. With the introduction of domestic biofuel production, 
the model generates new biomass feedstock prices and allocations 
within and between industries and sectors. The market consists of forest 
industries, bioenergy heat and power production, and biofuel produc-
tion. Prices are simulated for raw materials (e.g. pulpwood), by-products 
(e.g. bark), intermediate products (e.g. pellets) and final products (e.g. 
plywood). Industries optimise production levels and feedstock use to 
maximise profits given feedstock prices, supply constraints, and the 
market demand for products (including by-products, intermediate 
products, and final products). The model is implemented in GAMS and 
uses the CONOPT solver to maximise consumer and producer surplus to 
obtain equilibrium prices and resource allocation [13]. The outputs in 
terms of new industrial production levels and biomass equilibrium pri-
ces after the implementation of biofuel production were used as inputs 
to the supply chain model. 
2.1.4. Performance indicators and modelling procedure 
This section describes the implementation of the modelling frame-
work and the performance indicators used. Two different biomass 
market scenarios were considered describing if the biomass prices were 
determined internally in the modelling procedure (endogenous to the 
model) or if they were determined externally to the model and given as 
static values (exogenous to the model):  
1) The current-exogenous (2016) biomass market scenario considers the 
biomass market without any endogenous changes from the deploy-
ment of new biofuel production.  
2) The iterative-endogenous biomass market scenario incorporates the 
biomass market changes from the deployment of large-scale biofuel 
production. 
The performance indicators used to evaluate the production of LBG 
were: 
The direct production cost (DPC) is the cost of biofuel production from 
the plant-level model. It represents the biofuel selling price necessary for 
a profitable investment from a plant-owners perspective. DPC is calcu-











where Ei is the annual plant input or output of commodity i (e.g. elec-
tricity, biomass), Pi is the respective prices, Ptr is the transport cost, dtr is 
the transport distance, I is the investment cost, cfr is the capital recovery 
factor, O&M is the annual operation and maintenance cost, EBF 
Fig. 1. Schematic overview of the iterative process in the modelling framework.  
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represents the annual plant biofuel production. 
The direct supply cost (DSC) is the direct supply cost of LBG from the 
supply chain model. DSC encompasses all direct costs associated with 
the LBG production. The direct supply cost is calculated as the average 










Pi + Pfix,tr,i + Pdep,tr,i⋅dtr,i
))




where index j represents each facility, index i represents each com-
modity, Pfix,tr is the fixed part of the transport cost (i.e. loading/ 
unloading of commodities), Pdep,tr is the distance-dependent part of the 
transport cost, dtr is the transport distance of each commodity, Ij is the 
investment cost of facility j, crf is the capital recovery factor, O&Mj is the 
operation and maintenance cost of facility j, and EBF,tot is the total annual 
domestic LBG production. 
The total system supply cost (TSSC) shows the total LBG supply cost 
from the supply chain model which includes both the direct costs (e.g. 
costs directly associated with the biofuel production plants) and the 
Fig. 2. Schematic overview of the calculation procedure. Boundaries for 5) encompasses the iteration system boundary in Fig. 1.  
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indirect costs (e.g. increased costs for other biomass users). This can be 
analogous to the perspective of a policymaker which also needs to 
consider the indirect impact on other biomass using industries from the 
introduction of large-scale biofuel production. TSSC is estimated as in 
equation (3) and is a measure of the additional system cost of producing 





where SyscostBF is the total system cost (see section 2.1.2) for the specific 
annual biofuel production and the biomass market scenario, SyscostnoBF 
is the total system cost without any biofuel production in a given 
biomass market scenario (see Fig. 2), and EBF,tot is the total annual do-
mestic LBG production. 
Policy support cost (PSC) is a measure of the cost of financial support 
for a plant owner to have a profitable investment in a biofuel production 
plant. The direct policy support cost (PSCdirect) is a measure of the policy 
support which would be necessary for the plant-owner to invest, and the 
indirect policy support cost (PSCindirect) is the additional cost of the policy 
support that the policymaker observes in the form of increased costs for 
other biomass users. 
PSCdirect =DPC − PLNG (4)  
PSCindirect =TSSC − PLNG − PSCdirect (5) 
Comparing the policy support necessary under the current-exogenous 
and iterative-endogenous biomass market scenarios show both the policy 
support necessary to enable investments now, and that required for 
sustaining large-scale production after the biomass market characteris-
tics have changed. The specific calculation procedure is shown in Fig. 2, 
followed by a detailed description.  
1) Observed data for the biomass market (2016) (e.g. biomass prices, 
production levels, harvesting quantities) are used as input to the 
market model. The market model is calibrated using the trade cost 
minimisation part of the model resulting in the calibrated biomass 
prices and industrial production levels referred to as the current- 
exogenous biomass market scenario.  
2) The calibrated biomass prices are used as input to the plant-level 
model, which calculates the direct production cost using the current- 
exogenous biomass market, using equation (1).  
3) The current-exogenous biomass market data are used as input to the 
supply chain model together with the annual demand of domestically 
produced LBG. The supply chain model results in the lowest cost 
system configuration for the given biofuel demand. The system 
configuration is used to identify, the direct supply cost (calculated 
from equation (2)), the total system cost, and the biomass usage for 
producing LBG.  
4) The current-exogenous biomass market data are used as input to the 
supply chain model which calculates the total system cost without 
any biofuel demand. The total system cost with and without do-
mestic biofuel production is used to calculate the total system supply 
cost, see equation (3). 
5) The biomass usage for biofuel production under the current-exoge-
nous biomass market scenario is used as the initial representation of 
the biofuel production technology in the market model. The iteration 
procedure follows the iteration system boundaries in Fig. 1, and after 
convergence, the data for the iterative-endogenous biomass market 
scenario is obtained, and biomass prices and industrial production 
before (current-exogenous), and after (iterative-endogenous) the large- 
scale implementation of biofuel production can be compared.  
6) The plant-level model is used to calculate the direct production cost for 
the iterative-endogenous biomass market scenario, as in 2).  
7) The supply chain model is used to calculate the direct supply cost for 
the iterative-endogenous biomass market scenario, as in 3).  
8) The supply chain model is used to calculate the total system supply cost 
for the iterative-endogenous biomass market scenario, as in 4). 
2.2. System description and input data 
The technology used to determine the techno-economic performance 
of LBG production was based on previous work [2]. Three different 
site-specific sawmill-integrated configurations for the technology were 
evaluated and Sweden was used as the geographical scope where the 
forest industry provides both competing uses for the biomass, the supply 
of industrial by-products, and the potential host/integration sites. 
The biomass assortments allowed as feedstocks to the biofuel pro-
duction were limited to forest and forestry by-products, i.e. industrial 
by-products (sawdust and bark), wood chips, and tops and branches. 
This is in line with the EU waste hierarchy and the REDII directive [31], 
which favour waste and by-products for the production of 
second-generation biofuels production. 
All calculations apply the monetary value year of 2016 using the 
exchange rate of 9.47 SEK/EUR [32]. The investment costs were con-
verted to the 2016 monetary value year using the Chemical Engineering 
Plant Cost Index (CEPCI) [33]. 
2.2.1. Technology configuration description and data 
The gasifier technology is based on a dual fluidised bed (DFB) gasi-
fication concept [34]. Specifically, this study utilised the process model 
presented in [35] for LBG production. The LBG plant was heat and 
feedstock integrated with a generic Nordic sawmill considering several 
different sizing criteria [2]. A steam cycle with a back-pressure turbine is 
used to generate electricity from the recovered excess heat. The steam 
mass flow from the turbine draw-offs was optimised for electricity 
generation utilising linear programming methods [36]. The LBG pro-
duction plant size in relation to the host sawmill was determined ac-
cording to the following criteria, each of which represents a distinct 
configuration in the study:  
A) All available sawmill residues. The LBG plant was sized to use all of 
the on-site available residues (i.e. bark, sawdust, and wood chips) 
for biofuel production (and cover any additional heating demand 
at the sawmill). The plant-owner maximise the on-site LBG pro-
duction capacity without needing to import additional feedstock.  
B) Sawmill heat demand. The LBG plant was sized for all excess heat 
released from the biofuel production facility to cover the internal 
heat demand at the sawmill.  
C) 500 MW facility. The LBG plant was sized to produce 500 MWth of 
LBG, equalling a biomass input the size of a large Swedish pulp 
mill. The configuration represents a case where it would be 
deemed very profitable to produce LBG in large facilities. 
The energy balances of the different configurations are shown in 
Table 1. 
The annual electricity production for configuration C (in GWh) was 
determined according to equation (6): 
Table 1 
Energy balance (LHV) for each configuration normalised against the biomass 












A – All by- 
products 
0.69 0.104 0.057 
B – heat 
integration 
0.69 0.104 0.099 
C – 500 MW 0.69 0.104 * 
*Depending on the size of the sawmill, see equation (6) 
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El= 91.8⋅size− 0.012 (6)  
where the size is the annual production of the hosting sawmill in m3 of 
sawn wood. The annual operating time for the LBG facility was assumed 
to be 7838 h/a. Configuration C has a fixed biofuel plant size whereby 
the electricity output is dependent on the size of the sawmill. 
The host sawmill used in the plant-level model was set to 250 000 m3 
annual production of sawn wood. In the supply chain model, all saw-
mills with a sawn wood production higher than 50 000 m3 of were 
included as possible host locations. 
Both the plant-level and supply chain evaluations used a capital re-
covery factor of 0.1, corresponding to a discount rate of 8% and an 
economic lifetime of 20 years. Presented in Table 2 are the investment 
cost correlations for the different configurations depending on the size of 
the hosting sawmill. 
2.2.2. Forest industries 
Swedish forest industries not only provide an ample selection of 
competing uses for the forest biomass but also opportunities for host 
sites (sawmills) with on-site availability of sawmill by-products. 
The data used to represent different industries rely partly on different 
datasets due to the required resolution in the models. The host sawmill 
in the plant-level model was represented in terms of heat demand and 
availability of by-products, based on a generic Nordic sawmill [37]. 
The site-specific production levels for each sawmill and mechanical 
pulp mill in BeWhere Sweden were determined from the Swedish Forest 
Industries Federation (SFIF) data [38]. Missing sawmills data was 
complemented with additional data gathering from their respective 
websites. The internal heat demand and by-product (sawdust, wood 
chips, and bark) availability at each sawmill were calculated using 
general correlations [39]. The chemical pulp mills were modelled 
mainly with data from Wiberg and Forslund [40], and supplemented 
with data from SFIF [38]. For more details and site-specific assumptions, 
see [4,28]. 
2.2.3. Forest biomass supply and demand 
The competing forest industries considered were sawmills (both 
competing industries and potential host sites), stationary energy sector, 
pulp- and paper mills, and pellets production. Table 3 shows the biomass 
assortments allocated to each category. 
Table 4 shows the maximum biomass harvest potentials for each 
biomass assortment, which are the same amount in BeWhere Sweden 
and SFSTM II. The “today’s forestry” scenario from the Swedish Forest 
Agency impact assessment (SKA 15) [41] was used to describe the 
theoretical potentials for future harvest (final felling and thinning) 
assuming current practices. The spatial distribution of the biomass was 
estimated using a bottom-up approach described in detail in [4,42,43]. 
Both BeWhere Sweden and SFSTM II considers the availability of in-
dustrial by-products as functions of the production levels of the forestry 
industries. However, there are differences in the treatment of harvesting 
residues, which are defined exogenously in BeWhere, while in SFSTM II 
they are estimated from the model results from the harvest of virgin 
wood. 
2.3. Model calibration and linking 
2.3.1. Model calibration 
The biofuel production, the biomass prices, and the forestry products 
are outputs from SFSTM II and were calibrated against the 2016 data on 
the biomass market for biomass prices, current harvesting levels, and 
industrial production levels using the trade cost minimisation part of the 
model. For more details on calibration see [13]. The current harvesting 
levels were from SFA and FAO Statistics [44–46]. 
The base year biomass prices used in the calibration are shown in 
Table 5 together with the prices for purchased and sold electricity. The 
production levels for the forest industries used as inputs to the market 
model for the model calibration are shown in Table 6. 
b Industrial by-products are represented aggregate in BeWhere 
Sweden, while sawdust and bark are individually represented in SFSTM 
II, the price of industrial by-products in BeWhere Sweden is averaged 
against the traded volumes of sawdust and bark. 
c Roundwood prices in EUR/m3 fub, before price calibration. Price 
data on the wood type (sawlog or pulpwood) and tree species are from 
[44]. The basic disaggregation into regions is based on the regionally 
disaggregated data in [44] and then manually adjusted (with approxi-
mation) to the regions of SFSTMII presented by [30]. The conversion 
factor used for coniferous wood 0.458 m3fub/MWh, and non-coniferous 
0.386 m3fub/MWh [52]. 
d There is no official price data for harvest residues (tops and 
branches); instead, the price is based on estimations from [30], see [30, 
53] for more information regarding the estimations. The conversion 
factor used for tops and branches was 0.208 m3fub/MWh [52]. 
2.3.2. Model linking 
BeWhere Sweden and SFSTM II differ in their representation of 
biomass assortments, the spatial resolution. Table 7 shows the different 
biomass assortments represented in the two models. 
The differences in the biomass assortments create difficulties in that 
the market model has both coniferous and non-coniferous biomass as-
sortments, not represented in the supply chain model. Likewise, there is 
a difference in that the supply chain model differentiates between 
biomass from final felling and biomass from thinning. These differences 
were resolved by adjusting the prices in BeWhere Sweden so there is no 
differentiation between final felling and thinning. In the case where 
several biomass assortments in the SFSTM II were used to calculate new 
biomass prices in BeWhere Sweden, the prices were weight-adjusted for 
the total production volumes. 
Since industrial production is represented at the regional level in 
SFSTM II and for each specific site in BeWhere Sweden, the underlying 
data for the base year can result in discrepancies in the total national 
production between the two models. The total production for each in-
dustry branch in BeWhere Sweden was calibrated to the production 
levels in SFSTM II by applying a general factor adjusting the production 
volume of each site. 
The geographical representation in BeWhere Sweden has 334 grid 
cells with a half-degree spatial resolution, whereas the SFSTM II is 
divided into four regions. The differences in the geographical repre-
sentation were addressed in the iteration procedure by using the same 
biomass prices in each grid cell belonging to the region representated in 
SFSTM II. The industrial production levels passed from the SFSTM II to 
BeWhere Sweden were however treated on a national scale. This was 
done since SFSTM II treats the production in the regions similarly while 
BeWhere Sweden has individual representation. If a specific region 
would be host to both an efficient and inefficient industrial site, both 
would be affected by any increase, or decrease in production - while it 
would be more likely that inefficient sites would be the first to decrease 
production, rather than efficient. Since the SFSTM II does not identify 
which particular sites reduces their production the production was 
decided to be treated on a national scale. 
Table 2 
Investment cost correlation for each configuration depending on the size of the 
host sawmill, derived from [2]. X is the annual production of sawn wood in m3.  
InvestmentCost = c1⋅Xc2 [MEUR2016]
Technology configuration c1 c2 R2 
A-All by-products 0.0140 0.73 0.999 
B-heat integration 0.0362 0.69 0.999 
C-500 MW 704 0.0077 0.999  
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2.4. Biofuel demand scenarios 
Two biofuel demand scenarios in which the total production of LBG 
equals 4 and 8 TWh/a, respectively, were modelled. The two scenarios 
were treated as fixed demand scenarios in which the biofuel demand was 
met by domestic production. The LBG produced is assumed to be used in 
the transport sector, potential future use in other sectors, such as iron 
and steel is not considered. These demand levels can be compared with a 
future scenario for high gaseous fuel usage in the Swedish transport 
sector with a demand of 4.3 TWh/a gaseous fuels in 2040 [56]. Addi-
tionally, it can be compared with the current (2019) usage of 3.9 TWh/a 
fossil fuels used for heating purposes in the Swedish iron and steel in-
dustry, which could be a sector needing LBG to remove fossil emissions 
[57]. 
3. Results and discussion 
The market model was calibrated against the base year data (see 
section 2.3.1), resulting in the current-exogenous biomass market sce-
nario. Appendix A shows the comparison between the base year data and 
the current-exogenous biomass scenario data. 
3.1. Production and supply costs 
Fig. 3 shows the calculated direct production cost, direct supply cost, 
and total system supply cost for the different technology configurations, 
biomass market scenarios (current-exogenous, iterative-endogenous), and 
biofuel (LBG) demand scenarios (4 and 8 TWh/a). 
Unsurprisingly, all performance indicators increased as a result of 
changing from the current-exogenous to iterative-endogenous biomass 
market scenario. The cost increases were particularly notable for the 8 
TWh/a biofuel demand scenario, which registered an increase of 8–17 
EUR/MWh (14–25%) for the direct production cost, 17–21 EUR/MWh 
(28–38%) for the direct supply cost, and 11–13 EUR/MWh (13–19%) for 
the total system supply cost upon changing from the current-exogenous to 
the iterative-endogenous biomass market scenario. 
The total system supply cost experienced a smaller increase compared 
with the direct production cost and the direct supply cost when changing 
from the current-exogenous to the iterative-endogenous biomass market 
scenario. This is a consequence of the total system supply cost incorpo-
rating the impact on other biomass users. The change from the current- 
exogenous to the iterative-endogenous biomass market scenario resulted in 
a decreased biomass demand in the pellets industry due to decreased 
pellets production (see section 3.2). As the value of the forest industry 
products in BeWhere Sweden were not included in the total system cost, 
Table 3 
Biomass assortments allocated to each forest industry category (in the BeWhere Sweden model).   
Biomass assortments 
Demand sector Sawlogs Pulpwood Tops and branches Wood chips Industrial by-products Waste wood Pellets 
Sawmills (sawn products) x       
Sawmills (heat demand)   x x x   
Pulp and paper mills (pulp) x x  x    
Pulp and paper mills (heat demand)  x x x x x  
Pellets production plants    x x   
Stationary energy (DHa and CHPb)  x x x x x x 
LBG production   x x x   
b Combined Heat and Power plant. 
a District Heating. 
Table 4 
Maximum biomass harvesting potentials.   
Supply potential [TWh/a] 
Sawlogs 89 
Pulpwood 69 
Tops and branches 31  
Table 5 
Base scenario market prices.   
Commodity Base year prices [EUR/ 
MWhLHV] 
Source 
Electricity sold 29.1 [47] 
Electricity purchased 41.7 [48] 
Sawlogs Pine 22.0 [44]c 




Pulpwood Pine 12.8 [44]c 






Sawdust 24.5 [49] 
Barka 11.0 [49] 
Tops and branches 17.1 [30]d 
Wood chips 18.7 [49] 
Pellets 25.7 [50, 
51]  
a Assumed price 20% lower than sawdust on a volumetric basis. 
Table 6 
Forest industry production levels in 2016, aggregated on the product category.  
Industry Product Base year 
production 
Source 
Pulp and paper industry Chemical pulp 7.81 million 
tonnes 
[54] 
Mechanical pulp 3.85 million 
tonnes 
[54] 
Sawmill Sawn pine 6.7 million m3 [54] 
Sawn spruce 10.4 million m3 [54] 
Sawn non- 
coniferous 
0.12 million m3 [54] 
Pellets Wood pellets 1.8 million tonnes [54] 
Stationary energy (DHa and 
CHPb) 
District heating 17 TWh [55] 
b Combined Heat and Power plant. 
a District Heating. 
Table 7 
Differences and connection between different biomass representations.  
Major biomass assortment 
categories 
BeWhere Sweden biomass 
assortments 
SFSTM II biomass 
assortments 
Pulpwood Final felling, thinning Pine, spruce, non- 
coniferous 
Sawlogs Final felling, thinning Pine, spruce, non- 
coniferous 
Tops and branches Final felling, thinning Harvesting residues 
Industrial by-products Industrial by-products Bark, sawdust 
Pellets Pellets Pellets 
Wood chips Wood chips Wood chips  
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the reduced biomass demand from the pellets industry lowers the total 
system cost. This led to a lower increase in the total system supply cost from 
the increased biomass price by changing the biomass market scenario, 
compared to the direct production cost, and the direct supply cost. 
For the direct production cost and direct supply cost technology 
configuration A (LBG plant sized to utilise all available on-site by- 
products) was the technology configuration most heavily affected by 
changes to the biomass market in both biofuel demand scenarios. Being 
able to fully satisfy biomass demand with onsite biomass by-products 
makes the use of imported by-products, such as tops and branches, 
with their associated transport costs more expensive. However, tech-
nology configuration A had the lowest increase in the total system supply 
cost, albeit being that there were small differences between the tech-
nology configurations for this performance indicator. 
The direct production cost measures the biofuel production cost for the 
plant-owner. If the direct production cost shows that a biofuel production 
technology is profitable from a plant-owners perspective, several in-
vestors will likely deploy that technology. It is therefore of importance 
for the plant-owner to consider the increase in direct production cost in a 
dynamic biomass market when evaluating technology viability. Addi-
tionally, the performance of a specific technology configuration can be 
influenced by the inclusion of the biomass market impacts from the 
introduction of large-scale biofuel production. This is reflected in Fig. 3, 
where technology configuration A has the lowest direct production cost in 
the current-exogenous biomass market scenario, whereas technology 
configuration B (LBG facility dimensioned for the excess heat to cover 
the heat demand of the sawmill) is favoured under the iterative-endoge-
nous biomass market scenario. That technology configuration B is fav-
oured under the iterative-endogenous biomass market scenario is a result 
of the cost of biomass accounting of a smaller share of the direct pro-
duction cost. 
The total system supply cost, which measures biofuel production cost 
from a policymaker perspective, was consistently lowest for technology 
configuration C (sized for 500 MW of LBG production), in all biomass 
market and biofuel demand scenarios. This is in contrast with the direct 
production cost that was, in general, higher for technology configuration 
C, showing that while the total system supply cost is lower for technology 
configuration C, a larger share of that cost is carried by the plant-owner. 
As the fuel output for technology configuration C is significantly 
larger than the other configurations, fewer facilities are needed to meet 
the biofuel demand scenarios. This results in geographically restricted 
areas with increased biomass demand, thereby reducing the number of 
other industrial sites affected by an increased biomass transport cost. 
3.2. Biomass market impacts 
Fig. 4 shows the change in the biomass prices after the large-scale 
implementation of biofuel production (iterative-endogenous) for the 
different scenarios, compared to the current-exogenous biomass prices. 
For all scenarios, there is a high impact on the prices for wood chips 
(42–149%), tops and branches (42–87%), and industrial by-products 
(115–646%), explained by the demand from LBG production. The 
high price increase for industrial by-products is explained by its low 
starting price, see Appendix A. In addition to this, the pellets prices 
increased (15–40%) due to the price increase of its main feedstock (in-
dustrial by-products). The resulting pellets price increase resulted in 
decreased pellets production up to 50%, see Fig. 5 which shows the 
changes in industrial production. The pulpwood and sawlogs prices 
remained largely unaffected since these feedstocks were not allowed for 
the production of LBG. 
Technology configuration A resulted in higher biomass price in-
creases compared to the other technology configurations, also reflected 
in that this configuration had the highest increases in the direct pro-
duction and supply costs. This was especially true for the 4 TWh/a 
biofuel demand scenario where the industrial by-products price increase 
was significantly higher compared to the other technology configura-
tions, which is reflected in Fig. 5 where the pellets production decrease 
is significantly higher compared to technology configuration B. How-
ever technology configuration C combines a relatively low price increase 
for the industrial by-products, with the highest pellets production 
decrease for the 4 TWh/a biofuel demand scenario. In this particular 
scenario, the substantial decrease in the pellets production counteracted 
the increase in demand for industrial by-products from the LBG 
production. 
The results show that the increased competition for the forest and 
forestry by-products resulted in a significant decrease in the pellets 
production, ranging from 10% to 50%, while the other industrial 
branches remained unaffected. This indicates that policy intervention 
that mandates biofuel production from biomass assortments complying 
with the RED II directive results in a reallocation of biomass resources 
from pellets to biofuel production. The benefits from the introduction of 
the biofuel production thus need to consider the alternative fuels that 
will replace the use cases currently fulfilled by pellets. 
BeWhere Sweden does not consider the prices for the products from 
Fig. 3. Calculated direct production cost, direct supply cost, and total system supply cost for the different biomass market scenarios, biofuel demand scenarios, and 
technology configurations. 
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Fig. 4. Biomass price changes from the current-exogenous biomass market scenario.  
Fig. 5. Biofuel production impact on the production of the forest industries shown from the use of the iterative framework.  
Fig. 6. Direct and indirect policy support cost.  
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the traditional forest industries, i.e. pulp, paper, and sawn wood. Given 
that there are small changes in the production of these goods, there 
should be low impact on the system cost from these changes. However, 
there could be scenarios resulting in negative impacts on the production 
levels of the traditional forest industries, which should be considered 
when evaluating the total system cost of the introduction for biofuel 
production, especially since they are major exporting industries in 
Sweden. 
3.3. Required policy support 
The direct and indirect policy support costs for a current EU LNG 
market price of 30 EUR/MWh [58] are shown in Fig. 6. The market price 
is without any sector-specific taxes, therefore the direct policy support 
cost can be interpreted as to also include eventual sector-specific taxes 
affecting the fossil fuel alternative but not affecting the LBG. 
A plant-owner required a direct policy support of 32–38 EUR/MWh 
for an investment to be profitable in the current-exogenous biomass 
market scenario. The support increased to 36–56 EUR/MWh (13–44%) 
in the iterative-endogenous biomass market scenario. This shows that 
without including a dynamic biomass market model in the calculation, 
the direct policy support required to sustain large-scale biofuel produc-
tion in the future is underestimated. 
Using the perspective of a policymaker, the total policy support cost 
(including both the direct and indirect policy support cost) increased from 
38 to 50 EUR/MWh in the current-exogenous biomass market scenario to 
45–61 EUR/MWh in the iterative-endogenous scenario. Among the bio-
fuel demand scenarios, the increase in total policy support cost was 
substantially greater for the 8 TWh/a scenario than for the 4 TWh/a 
alternative. 
Technology configurations A and B resulted in a lower direct policy 
support cost compared to technology configuration C, which would 
make these configurations appear more favourable from the perspective 
of a policymaker focused on direct costs only. However, ignoring indirect 
policy support cost when analysing technology configurations can lead to 
policies that misestimate the full magnitude of the required support. 
Technology configuration C resulted in the lowest total policy sup-
port cost where the indirect policy support cost also became negative. This 
is explained by the direct policy support cost being calculated for a spe-
cific sawmill size (250 000 m3 annual production of sawn wood). 
Meanwhile, the indirect policy support cost was based on the total system 
supply cost, which is an average system cost that also includes larger 
sawmills. Given the large LBG production capacity of technology 
configuration C, the benefits of heat integration with the host sawmill 
are small. However, benefits can be improved by integration with larger 
sawmills, see [2]. In summary, the results in Fig. 6 show that the policy 
support should be developed to consider the total policy support cost, 
and should encourage the plant-owners to invest in technologies with 
the lowest total system supply cost, rather than the lowest direct production 
cost. 
3.4. Implications from using the framework 
Compared to traditional techno-economic approaches for evaluating 
different biofuel production technologies (e.g. plant-level, and supply 
chain evaluations), the use of an iterative framework show partly 
different results regarding technology performance, both from a plant- 
owner and a policymaker perspective. These differences concern both 
how the biomass price impacts the production costs, but also how the 
different technologies integrated into the system affect industries 
competing for the biomass resources. 
Comparatively examining the economic performance under the 
current-exogenous and iterative-endogenous biomass market scenarios 
highlight how biomass price changes affect the economic performance 
of the biofuel production technologies. Such a comparison can help 
reduce the uncertainty surrounding the long-term economic perfor-
mance of a technology for a plant-owner. For policymakers, it can 
indicate the policy support levels necessary for constructing the first 
profitable plant, and to sustain large-scale production. In this work, the 
policy support levels were calculated as direct support per unit of pro-
duced biofuel. However, when developing policy support mechanisms, 
the policymaker also needs to consider how other industries are affected 
by the introduction of that policy support. The studied system in this 
work resulted in decreased production of pellets as the primary feed-
stock (sawdust) was instead used for LBG production. Pellets are mainly 
used for combustion purposes where it would be comparatively easy to 
change to other biomass feedstocks, compared with use-cases for LBG, 
which currently use LNG. 
The results highlight the differences in the cost for the technology 
configurations when applying a plant-owner or a policymaker perspec-
tive and show that a technology configuration favoured by one is not 
necessarily favoured by the other. It is therefore important to consider 
the indirect costs of technologies when developing policy support to 
favour technologies with a low total system cost. 
4. Conclusions 
The introduction of large-scale biofuel production will impact both 
biomass prices and production at other biomass-consuming industries. 
Our results show that profitable investments in the production of liq-
uefied biomethane (LBG) integrated with sawmills would require a 
policy support level in the range of 32–38 EUR/MWh under current 
(2016) biomass market conditions. When also explicitly considering the 
biomass market impacts from the introduction of large-scale forest- 
based biofuel production, the necessary policy support increases by 
13–44%. This shows that excluding these market impacts would result in 
substantial underestimation of the policy support level necessary to 
maintain a large-scale biofuel production, while it still can be sufficient 
to enable the first investments. Traditional scenario- or sensitivity-based 
analysis can identify the impact of market price changes on the eco-
nomic performance of a technology but it neglects the endogenous price 
impact from large-scale deployment of that specific technology. 
The use of a framework such as the one applied in this work expli-
cates the additional system cost from the large-scale implementation of a 
biofuel production technology. It can thus be used to identify not only 
the additional support needed to enable a profitable first-of-a-kind 
production facility, but also the support necessary to maintain sizeable 
biofuel production. The solutions with the lowest direct cost for the 
plant-owner are not necessarily the same as those preferred by a poli-
cymaker owing to the occurrence of indirect costs. These indirect costs 
need to be considered when developing policy support in order to pro-
mote technologies with a low total system cost. 
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Appendix A. Market model calibration 
SFSTM II was calibrated using market data from 2016 (forest industry production levels, biomass prices, and harvesting volumes). The 2016 input 
was used as a reference to the model when generating the current state of the biomass market via the model’s demand and supply functions. If a model 
is a perfect mirror of the real market and there no market inefficiencies exist in the real market, the calibrated model will generate market prices and 
flows of biomass products equal to observed data. However, since a model is a simplification of reality, data shortages exist and the actual market 
complexity goes beyond perfect competition, deviations between observed market prices and simulated markets prices are expected. Nevertheless, it is 
of interest to understand these deviations to understand possible impacts on the simulated market scenarios. 
Table A1 and Table A2 summarise observed biomass price data from 2016 used for calibrating SFSTM II, and the calibrated biomass price data from 
the SFSTM II constituting the current-exogenous biomass market scenario.  
Table A1 
2016 biomass prices used for calibrating the SFSTM II model and the calibrated biomass prices from SFSTM II constituting the current-exogenous biomass market 
scenario.    
Biomass prices [EUR/MWhLHV]   
Observed data (year 2016) Calibrated data (Current-exogenous) 
Sawlogs Average sawlogs  21.3 
Pine 22.0 18.1 
Spruce 25.0 23.3 
Non-Coniferous 21.6 14.4 
Pulpwood Average pulpwood  10.7 
Pine 12.8 10.8 
Spruce 12.2 10.5 
Non-Coniferous 13.5 11.2 
Industrial by-products Average industrial by-products  3.6 
Dust 24.5 3.6 
Bark 11.0 3.3 
Tops and branches 17.1 17.1 
Wood chips 18.7 9.4 
Pellets 25.7 19.4   
Table A2 
Forest industry production levels for 2016, and the current-exogenous biomass market scenario, aggregated on the product category.   
Observed data (year 2016) Calibrated data (Current-exogenous) Unit 
Chemical pulp 7.81 8.2 million tonnes/a 
Mechanical pulp 3.85 3.6 million tonnes/a 
Sawn wood* 17.22 18.0 million m3/a 
Pellets 1.8 1.1 million tonnes/a  
* Total for pine, spruce, and non-coniferous wood. 
Overall, the simulated market prices and biomass supply were approximately the same as the observed data. Some deviations were however 
notable: the price of non-coniferous sawlogs and the prices of forest industry by-products (sawdust, bark and wood chips). The difference suggests that 
the model is not representing all the segments in the market that form forest biomass product prices, i.e., some demands and/or supplies of biomass 
products are not represented in the model. Though this is an expected outcome given the partial equilibrium model approach (model boundaries are 
imposed) and non-perfect data, these differences need to be well understood to ensure model reliability. 
Sawn wood is typically produced from spruce and pine, but occasionally also from non-coniferous species (less than 1% of all sawn wood pro-
duction in Sweden). The calibrated price was roughly 70% of the actual market price. Since the supply, demand and trade of non-coniferous sawlogs 
are small and they can be substituted with other sawlog species, the model price formation of non-coniferous sawlogs is sensitive to small changes in 
the observed data. Since this tree species constitute a small share of total sawn wood production, this price deviation observed in Table A1 is not likely 
to introduce any considerable model biases. 
Due to unobserved by-product demand in SFSTM II, forest industry by-product prices are lower in the calibrated scenario, compared to observed 
prices. However, since all by-product prices are lower, and previous scenario analyses using SFSTM II show that by-product prices rise as expected 
when demand pressure increases, there is no reason to suspect structural biases caused by the initial price deviation. For a more extended discussion on 
this topic, a more detailed description of the model calibration, as well as a discussion on data source uncertainties (harvesting levels, errors in the 
actual reported prices, and errors in the imported volumes) the reader is referred to [13,30,53]. 
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using energy services: demonstrating a novel framework for soft linking top-down 
and bottom-up models, Energy 169 (2019) 277–293, https://doi.org/10.1016/j. 
energy.2018.11.153. 
[22] P. Fortes, R. Pereira, A. Pereira, J. Seixas, Integrated technological-economic 
modeling platform for energy and climate policy analysis, Energy 73 (2014) 
716–730, https://doi.org/10.1016/j.energy.2014.06.075. 
[23] W.F. Mustapha, J.G. Kirkerud, T.F. Bolkesjø, E. Trømborg, Large-scale forest-based 
biofuels production: impacts on the Nordic energy sector, Energy Convers. Manag. 
187 (2019) 93–102, https://doi.org/10.1016/j.enconman.2019.03.016. 
[24] J.-C. Hourcade, M. Jaccard, C. Bataille, F. Ghersi, Hybrid modeling: new answers to 
old challenges introduction to the special issue of “the energy journal, Energy J. 27 
(2006) 1–11. 
[25] J. Zetterholm, E. Bryngemark, J. Ahlström, P. Söderholm, S. Harvey, E. Wetterlund, 
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